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Root performance represents a target factor conditioning plant development under drought 24 
conditions. Moreover, recent root phenotyping studies remark relevant differences on 25 
functionality of the different root types. However, despite its relevance, the performance of 26 
different types of roots such as primary/taproot (tapR) and lateral/fibrous roots (fibR) under 27 
water stress conditions is largely unknown. In the current study, the impact of water stress on 28 
target C and N metabolism (namely sucrose and proline) processes were characterized in tapR 29 
and fibR of Medicago truncatula plants exposed to different water stress severity regimes 30 
(moderate versus severe). While both root types exhibit some common responses to face water 31 
stress, the study highlighted important physiological and metabolic differences between them. 32 
The tapR proved to have an essential role on carbon and nitrogen partitioning rather than just 33 
on storage. Moreover, this root type showed a higher resilience towards water deficit stress. 34 
Sucrose metabolization at sucrose synthase level was early blocked in this tissue together with 35 
a selective accumulation of some amino acids such as proline and branched chain amino acids, 36 
which may act as alternative carbon sources under water deficit stress conditions. The decline 37 
in respiration, despite the over-accumulation of carbon compounds, suggests a modulation at 38 
sucrose cleavage level by sucrose synthase and invertase. These data not only provide new 39 
information on the carbon and nitrogen metabolism modulation upon water deficit stress but 40 
also on the different role, physiology, and metabolism of the taproot and fibrous roots. In 41 
addition, obtained results highlight the fact that both root types show distinct performance under 42 
water deficit stress; this factor can be of great relevance to improve breeding programs for 43 
increasing root efficiency under adverse conditions. 44 
Keywords:  Amino acids, carbon metabolism, invertase, lateral roots, nitrogen metabolism, 45 
sucrose synthase. 46 
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Abreviations: AAT, aspartate aminotransferase;  ADH, alcohol dehydrogenase; AGPase, ADP-47 
glucose pyrophosphorylase; AlaAT, alanine aminotransferase; AP, alternative pathway; BCAA, 48 
branched chain amino acids ; C, control; CE, capillary electrophoresis; CP, cytochrome 49 
pathway;  DW, dry weight; FBPase, fructose 1,6-bisphosphatase; fibR, fibrous root; FW, fresh 50 
weight; G6PDH, glucose-6-phosphate dehydrogenase; GDH, glutamate dehydrogenase; 51 
GOGAT, glutamine oxoglutarate aminotransferase/glutamate synthase; GAPDH, 52 
glyceraldehyde-3-phosphate dehydrogenase; GPDH, glycerol-3-phosphate dehydrogenase; 53 
HK, hexokinase; IDH, isocitrate dehydrogenase; INV, invertase; MD, moderatewater deficit; 54 
MDH, malate dehydrogenase; ME, NADP-malic enzyme; OPP, oxidative pentose phosphate 55 
pathway; ProDH, proline dehydrogenase; P5CS, pyrroline-5-carboxylate synthase; PDC, 56 
pyruvate decarboxylase; PK, pyruvate kinase; rR, residual respiration; SD, severewater deficit; 57 
SKDH, shikimate dehydrogenase;  SuSy, sucrose synthase; T, transpiration; tapR, taproot; tR, 58 
total respiration; UGPase, UDP-glucose pyrophosphorylase; WC, water content. 59 
 60 
  61 
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1. Introduction 62 
Legumes are characterized by their high nutritional value for humans and livestock and by their 63 
ecological value as nitrate suppliers through their symbiosis with nitrogen-fixing bacteria 64 
(Graham and Vance, 2003). These advantages are however compromised by their low ability to 65 
adapt to adverse environmental conditions such as drought (Zahran, 1999). Within a climate 66 
change context, it is of great importance to maintain/increase their yield in stressful growth 67 
conditions to meet the economical requirements of the increasing world population. In order to 68 
achieve this, it is mandatory to further understand the adaptive response of these plants to water-69 
deficit stress and select particular traits that allow them to better cope with the lack of water in 70 
the soil. Medicago truncatula is a model legume cultivated as an annual forage in several 71 
regions worldwide (Michaud et al., 1988) and phylogenetically related to some of the most 72 
relevant European legume crops (Aubert et al., 2006; Phan et al., 2007). While grain legumes 73 
are generally described as drought sensitive (González et al., 1995, 1998, Ramos et al., 1994), 74 
forage legumes as M. truncatula has been described to exhibit a higher tolerance to dry 75 
enviroments (Araújo et al., 2015).   76 
Roots are essential for plant productivity and serve a variety of functions, such as 77 
anchorage and water and nutrient absorption. Tap or primary roots are those formed in the 78 
embryo growing directly downwards whilst lateral roots are those formed post-embryonically 79 
emerging from the pericycle, being root architecture determined by genetic, physiological, and 80 
environmental factors (Lynch and Brown, 2012). In general, cultivated legumes develop a tap 81 
root system with a strongly developed primary root with branches. In the perennial alfalfa, the 82 
taproot  has been described as the main underground storage organ, acting as a carbon and 83 
nitrogen reservoir to drive the regrowth after cutting (Erice et al., 2011). Despite being a close 84 
relative of alfalfa, the root system of the model legume M. truncatula consists of numerous 85 
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branches emerging from a short taproot located at the upper side, appearing similar to the 86 
fibrous root system of monocots. 87 
Plant roots are starting to gain interest regarding their role in drought stress tolerance 88 
(Sutka et al., 2016; Zhan et al., 2015). Indeed, the identification of root mechanisms improving 89 
drought tolerance it is essential to design drought tolerant crops (Lynch et al., 2014). Despite 90 
the importance of the root system as the first organ encountering soil water deficit, its response 91 
to drought stress has not been as extensively studied as the green parts. Besides, the vast 92 
majority of studies focused on the root system regard it as a whole without distinguishing root 93 
types that emerge from it despite their particular anatomical and physiological characteristics 94 
(Tian et al., 2014). Gewin (2010) points to the role of plant roots to improve plant stress 95 
tolerance, attending among others to factors related to anatomical-morphological characteristics 96 
of the different root types.  Studies conducted during the last decade show a clear interaction 97 
between environmental conditions (such as drought) and legume taproot development by 98 
trapping the vegetative storage proteins and avoiding their export towards the shoot for 99 
regrowth production (Erice et al., 2007). Physiological differences between taproot and lateral 100 
roots have also been suggested in Faba bean related to lipid metabolism (Waisel and Radunz, 101 
2006). In addition, an increased taproot diameter has been identified as key component in 102 
providing a deeper root system in white clover  under drought-prone environments (Woodfield 103 
et al., 1996). In M. truncatula, scarce information is available, being root morphology a 104 
neglected issue  (Moreau, 2006). However, the relevance of different root properties has been 105 
demonstrated comparing the response of tolerant and sensitive cultivars to drought stress, with 106 
roots developing not only structural changes but also physiological, such as an increase of 107 
osmoregulating properties of the root cells in durum wheat (Bajji et al., 2000), an improved 108 
efficiency of water absorption in tall fescue (Huang and Gao, 2000), or the synthesis of 109 
protective molecules in Brassica juncea  (Phutela et al., 2000). 110 
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Osmotic adjustment has been proved as a prime adaptive trait in support of crop yield 111 
under drought conditions (Blum, 2017). Amino acids are key players in this osmotic adjustment, 112 
highlighting proline by its role in cellular homeostasis, including redox balance and energy 113 
status (Szabados and Savouré, 2010). It has been shown that proline pools supply a reducing 114 
potential for mitochondria through the oxidation of proline, providing electrons for the 115 
respiratory chain and therefore contribute to energy supply for resumed growth (Kishor et al., 116 
2005). In addition, carbohydrates often accumulate in the form of abundant sugars such as 117 
hexoses and sucrose, dismissing the prediction of a carbon starvation  provoked by a reduced 118 
photosynthetic rates under water deficit (Muller et al., 2011). Although in this context an 119 
osmoprotective role has been associated to carbohydrates (Gil et al., 2013), growth and 120 
development of sink organs is known to be, at least partly, under the control of C availability 121 
(Muller et al., 2011). 122 
In the current study, we characterize the physiology and metabolism of the taproot and 123 
fibrous root of M. truncatula plants under control and moderate and severe water deficit 124 
conditions. Special attention has been paid to the metabolism of sucrose and proline, which has 125 
been shown to be modulated in both root types and stress conditions. Results revealed 126 
physiological and metabolic differences between both root types under control condition and 127 
distinct performance under water deficit stress suggesting different roles in the physiology of 128 
the whole plant root system.  129 
 130 
2. Materials and methods 131 
2.1. Plant material, growth conditions and experimental design 132 
M. truncatula seeds were scarified with sulfuric acid 98% for 7 min, washed and then sterilized 133 
with 3.5 % sodium hypochlorite for 90 seconds. After a thorough wash, the seeds were soaked 134 
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in water and left shaking in the dark for 6 hours. When the seeds were hydrated, they were 135 
transferred to 7‰ agar plates at 4 ºC for one day in the dark, and then incubated at 20 ºC for 136 
two days. The seedlings were then planted in pots with perlite:vermiculite (1:3, v/v) and grown 137 
under controlled conditions (22/18 ºC day/night temperature, 70% relative humidity, 500 µmol 138 
m-2 s-1 (PPF), 12 h photoperiod) and irrigated with Evans medium supplemented with 5 mM 139 
NH4NO3 (Evans, 1981).  140 
Six-week-old plants were randomly separated into three sets containing ten biological replicates 141 
each.  Water deficit stress was then imposed by water withdrawal and the hydric status of the 142 
water-deprived and control (well-watered) plants was monitored daily by measuring the water 143 
potential of the leaves. During the water deficit study, control (C) plants were irrigated with 144 
water to avoid nutritional differences. When the leaf water potential (Ψw) of the water deficit 145 
stressed plants reached the desired value (for moderate deficit (MD) Ψw= -1.51 ± 0.02 MPa, 6-146 
7 days treatment and for severe deficit (SD) Ψw= -2.5 ± 0.04 MPa, 8-9 days treatment), plants 147 
were harvested by separating the primary root (tapR) from the lateral fibrous roots (fibR) with 148 
a scalpel and flash-freezing both in liquid nitrogen, except for the samples used in respiration 149 
measurements, which were measured in situ. Control plants were harvested all along the 9 total 150 
days of harvesting, showing an average Ψw of -0.37 ± 0.01 MPa. Samples were stored at -80 ºC 151 
for further analysis. The number of biological replicates employed for the different analyses are 152 
indicated in the respective figure legends. 153 
2.2. Plant water status 154 
Plant transpiration (T) was gravimetrically determined on a daily basis. Ψw was measured in 155 
the second fully expanded leaf 2 h after the beginning of the photoperiod using a pressure 156 
chamber (Soil Moisture Equipment, Santa Barbara, CA, USA) as earlier described (Scholander 157 
et al., 1965). Water content was determined in the base to the fresh weight (FW) and the dry 158 
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weight (DW) obtained after 48 hours drying at 70 ºC using the following formula: WC (%) = 159 
(FW-DW) *100/FW. 160 
2.3. Respiration measurements 161 
Root respiration (O2 consumption at 21 °C) was measured using a Clark-type O2 electrode 162 
(Hansatech Oxygraph, H. Sabur Laborbedarf, Reutlingen) connected to constant temperature 163 
circulating water baths at 25 ºC. For each plant, two root aliquots (0.05 g FW) were placed into 164 
two tightly closed oxygraph chambers containing 1 ml reaction buffer (25 mM imidazole-HCl, 165 
pH 6.5) under stirring. After a constant rate of oxygen uptake was attained, 10 µl of 0.01 M 166 
KCN in 20 mM HEPES, pH 8 or 20 µl of 1 M SHAM in 2-methoxyethanol were added to each 167 
chamber, respectively. About 5 min after the application of the first inhibitor, the other inhibitor 168 
was added. Total Respiration (tR) was determined as the rate of O2 consumption before the 169 
addition of any inhibitor, while the residual respiration (rR) was determined as the O2 170 
consumption in the presence of both SHAM and KCN. The alternative pathway (AP) capacity 171 
was calculated by substracting the rR from the O2 consumption rate obtained after inhibiting 172 
the cytochromic pathway with KCN, while the cytochrome pathway (CP) capacity was 173 
calculated in a similar way but after inhibiting the alternative pathway with SHAM. 174 
2.4. Determination of free amino acid content 175 
Frozen samples were ground to powder under liquid N2 and subsequently homogenized using 176 
a mortar and pestle with 1 M HCl (≈10 ml g FW-1) and incubated on ice for 10 min. 177 
Subsequently, extracts were centrifuged at 20,000 g and 4 ºC for 10 min. Supernatants were 178 
neutralized using NaOH, and internal standards norvaline and homoglutamic acid were spiked. 179 
Then, samples were derivatized with 1 mM FITC dissolved in acetone at room temperature for 180 
15 h in 20 mM borate buffer (pH 10). The content of free amino acids was determined using a 181 
Beckman Coulter capillary electrophoresis (CE) PA-800 (Beckman Coulter Inc., USA) coupled 182 
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to laser-induced fluorescence detection (argon laser at 488 nm), as described in (Arlt et al., 183 
2001; Takizawa and Nakamura, 1998), with minor modifications. A fused-silica capillary, 184 
43/53.2 cm long and 50 μm internal diameter (Beckman Coulter Inc., USA), was employed. 185 
For amino acid separation, 45 mM α-cyclodextrin in 80 mM borax buffer (pH 9.2) was used. 186 
Analyses were performed at 20 ºC and at a voltage of 30 kV (110 uA). Total amino acid content 187 
on a DW base is presented as the summation of single amino acids for each sample. 188 
2.5. Determination of soluble sugars and starch content 189 
Soluble sugars were extracted as detailed in Gálvez et al. (2005). Frozen material was 190 
exhaustively extracted three times in boiling ethanol (80% v/v) for 30 seconds and once more 191 
time at RT. The aqueous phase of the ethanol extract was evaporated at 40 ºC using a Turbovap 192 
LV evaporator (Zymark Corp. Hopkinton, MA, USA) for soluble sugar determination. After the 193 
evaporation cycle, the dry residue was resuspended in dH2O by vigorous vortexing. A sample 194 
cleaning was then performed by centrifugation for 10 minutes and the supernatants were stored 195 
at -20 ºC for further analysis.  196 
The remaining tissue after ethanol soluble compound extraction was dried at 70ºC for 197 
48 hours. Dry samples were homogenized with water using mortar and pestle and further boiled 198 
for one hour for starch grain breakage. After cooling down, 1 ml of desalted amyloglucosidase 199 
solution (EC 3.2.1.3, 0.5 units/ml acetate buffer pH 4.5) was added to each tube and incubated 200 
under shaking at 55 ºC for starch digestion. Extractions were centrifuged at 2330 g for 10 201 
minutes and the supernatants were stored at -20 ºC for further glucose quantification. Sucrose, 202 
glucose, and fructose were determined by CE in a Coulter PACE system 5500 (Beckman) 203 
coupled to a diode array detector (Marino et al., 2006). Concentrations were calculated from 204 
peak heights using commercial standards (Sigma–Aldrich, Germany). The total amino acid 205 
content was calculated as the sum of the 20 standard amino acids synthesized in plants and the 206 
non-proteogenic γ-aminobutyric acid (GABA). 207 
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2.6. Determination of total soluble protein content and enzymatic activities 208 
Aliquots of frozen roots (≈1 g) were ground into a fine powder with liquid nitrogen and 209 
homogenized with extraction buffer (50 mM MOPS pH 7.5, 0.1% (v/v) Triton X-100, 10 mM 210 
MgCl2, 1 mM EDTA, 20 mM KCl, 10 mM DTT, 10 mM β-mercaptoethanol, 2.5% PVPP, 2 211 
mM PMSF and a protease inhibition cocktail tablet) and centrifuged at 24000 g and 4 ºC for 20 212 
minutes. The protein content of the supernatant was determined by the Bradford assay in the 213 
crude extract using BSA as protein standard.  214 
Additionally, the crude protein extract was also employed to determine the activity of 215 
glutamate synthase (GOGAT, EC 1.4.1.14), proline dehydrogenase (ProDH, EC 1.5.5.2), 216 
pyrroline-5-carboxylate synthase (P5CS, EC not assigned), ADP-glucose pyrophosphorylase 217 
(AGPase, EC 2.7.7.27) and pyruvate decarboxylase (PDC, EC 4.1.1.1). An aliquot of this 218 
extract was desalted through BioGel P-6 DG Desalting Gel (BioRad) equilibrated with desalting 219 
buffer (250 mM MOPS pH 7.5, 50 mM MgCl2, 100 mM KCl) to determine the activity of 220 
alcohol dehydrogenase (ADH, EC 1.1.1.1), UDP-and ADP-sucrose synthase (SuSy, EC 221 
2.4.1.13), UDP-glucose pyrophosphorylase (UGPase, EC 2.7.7.9), malate dehydrogenase 222 
(MDH, EC 1.1.1.37), acid and alkaline invertases (INV, EC 3.2.1.26), aspartate 223 
aminotransferase (AAT, EC 2.6.1.1), alanine aminotransferase (AlaAT, EC 2.6.1.2), shikimate 224 
dehydrogenase (SKDH, EC 1.1.1.25), glucose-6-phosphate dehydrogenase (G6PDH, EC 225 
1.1.1.49), glutamate dehydrogenase (GDH, EC 1.4.1.2), fructose-1,6-bisphosphatase (FBP, EC 226 
3.1.3.11), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.11), NADP-227 
isocitrate dehydrogenase (IDH, EC 1.1.1.41), NADP-malic enzyme (ME, EC 1.1.1.40), 228 
glycerol-3-phosphate dehydrogenase (GPDH, EC 1.1.5.3), pyruvate kinase (PK, EC 2.7.1.40) 229 
and hexokinase (HK, EC 2.7.1.1). Enzymatic activities were assayed spectrophotometrically as 230 
the oxidation or reduction of NAD(P)(H) nucleotides at 30 ºC and 340 nm for 15 min after an 231 
initial incubation of 5 min at RT before the substrate addition.  232 
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PDC, ADH, SuSy, acid and alkaline INV, UGPase, MDH and GOGAT were assayed as 233 
Gonzalez et al. (1998), AAT and AlaAT as Hatch and Mau (1973), ProDH and P5CS as 234 
Rouached et al. (2013), SKDH, G6PDH, GDH, FBPase, GAPDH and IDH as Gibon et al. 235 
(2004), ME as Ryšlavá et al. (2003), GPDH as Shen et al. (2006), AGPase as Baroja-Fernandez 236 
et al.  (Baroja-Fernández et al., 2003), PK as Wood (1968) and HK as Sigma protocols, with 237 
minor modifications. Enzymatic activities were expressed on a protein basis in order to 238 
visualize possible regulation mechanisms in response to water deficit stress.  239 
2.7. Statistical analysis 240 
Multiple comparison analyses were performed with SPSS using analysis of variance (ANOVA, 241 
P ≤0.05) and Duncan´s test. Student´s t-test (p≤0.05) was performed when a single comparison 242 
was needed.All data are reported as the mean ± standard error of n = 5-10 independent 243 
measurements. The number of biological replicates employed for the different analyses are 244 
indicated in the respective figure legends. 245 
3. Results 246 
Control plants exhibited a leaf Ψw value of -0.37 ± 0.01 MPa. Plants entered a moderate level 247 
of water deficit stress (MD) 6-7 days after water deficit stress imposition and were harvested 248 
when their leaf Ψw reached -1.51 ± 0.02 MPa. On the other hand, the severe stressed plants 249 
(SD) were harvested after 8-9 days treatment with an average Ψw of -2.51 ± 0.04 MPa. 250 
Significant differences of shoot and root DW biomass were not observed due to the short-time 251 
study period employed although a slight upward trend of the shoot to root ratio is inferred (Fig. 252 
S1A, Table S2).  A visual loss of turgor correlated with the general decline in the water content 253 
(WC) and significant differences were observed between the response of the different organs 254 
(Fig. 1, Table S2). Water content of leaves and tapR decreased around 15% under SD, while 255 
fibR WC decreased 30 and 65% under MD and SD, respectively. Transpiration gradually 256 
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decreased from two days after the beginning of the water deficit treatment, whilst leaf Ψw did 257 
not significantly decrease until the fifth day of water deficit stress, exhibiting afterward a 258 
continuous drop (Fig. S1B, C). 259 
Water deficit stress led to a decline in the total root respiration of both tapR and fibR, 260 
with the response of the latter being more abrupt than that of the tapR (Fig. 2A). In the tapR, 261 
the total respiration rate declined 2-fold in SD compared to C, while the respiration drop for the 262 
fibR was 4-fold. Residual respiration (rR), measured after inhibiting alternative and cytochrome 263 
pathways, was similar in both root types under control conditions (Fig. 2B), accounting for the 264 
29% and 23% of the total measured respiration for the tapR and fibR, respectively. The 265 
moderate water deficit stress imposition led to an increase in the rR of the tapR, followed by a 266 
decline under severe conditions. In the case of the fibrous root, rR decreased abruptly to half 267 
the value under moderate conditions, remaining low under severe conditions. However, when 268 
rR values were relativized for the total root respiration, a statistically significant increase was 269 
observed for both root types under water deficitstress conditions, suggesting an activation of 270 
oxidative processes becoming more pronounced in the tapR (Fig. 2B). Overall, ANOVA 271 
analysis showed a significant interaction between water deficit treatment and organ which 272 
support the different water deficit response observed in both root types (Table S2). 273 
Under control conditions, as it has been observed for the total respiration rate, the 274 
alternative (AP) and cytochrome pathway (CP) capacities were higher in the fibR than the tapR 275 
(Fig. 2 C, D, Table S1). Both respiration capacities declined in response to water deficit stress, 276 
being CP the most affected one with a 4- and 15-fold decrease in the tapR and fibR, respectively. 277 
AP capacity declined significantly in the fibR under both stress conditions, but in the taproot 278 
this effect was only significant under severe water deficit. In addition, not only the decline in 279 
both capacities was different for each root type, but also the AP:CP ratio differed from one root 280 
type to the other. In both cases, despite the decrease in the measured AP and CP capacities, 281 
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water deficit stress led to a similar increase in the relative AP capacity in detriment of the CP, 282 
with these changes being already statistically significant under MD in the case of the fibR (Fig. 283 
2 C, D).  284 
Water deficit stress provoked a reduction of the soluble protein content in both root 285 
tissues, being the effect more pronounced in the fibR (Fig. 3A). Under control conditions, the 286 
amino acid content was higher in the tapR than in the fibR (Fig. 3B), as it can also be observed 287 
for many of the single amino acids (Fig. S2). Under control conditions there is a clear 288 
supremacy of Asn in the fibrous root (74%) contrasting with a more diverse composition of the 289 
taproot, which held significant amounts of Asn (47%), GABA (11%), Ser (11%) and Pro (6%) 290 
(Fig. 4A). The amino acid levels increased in response to water deficit stress in both root tissues 291 
(Fig. 3B). Figure 4B represents the relative log fold change of each amino acid in the tapR and 292 
fibR in response to MD and SD. In the fibR, the only significant changes (≥ 2) in response to 293 
water deficit stress were the accumulation of Pro, His, and Trp together with a decrease in Gly 294 
content. Conversely, in the tapR water deficit stress provoked a more marked effect at amino 295 
acid level. Thus, in addition to Pro and His, a significant increase of the branched chain amino 296 
acids and a decrease of Gln, GABA, Glu and Asp were observed in the tapR (Fig. 4B). However, 297 
the Asn pool was quite steady in both root types under water deficit conditions (Fig. 4B).  298 
ANOVA analysis showed a significant interaction for the total amino acid content and most of 299 
the amino acids, supporting the differential response exhibited by the nitrogen compounds 300 
depending on the root type (Table S2, Fig. S2).  301 
Under control conditions, sucrose were more abundant in tapR than in the fibR (Fig. 302 
5A) whilst starch did not reach to show significant differences (Fig. 5B). Conversely, regarding 303 
hexoses, glucose was significantly more abundant in the fibR  whilst fructose  did not reach to 304 
increase significantly (Fig. 5C, D). Upon water deficit stress, sucrose content increased 3- and 305 
8- fold in the tapR and fibR, respectively (Fig. 5A), while the hexoses, glucose and fructose, 306 
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accumulated exclusively in the fibR (Fig. 5). Thereby, ANOVA analysis reported a significant 307 
interaction for both hexoses (Table S2).   308 
Among the measured enzymatic activities, only those whose activity was significantly 309 
affected by water deficit stress are shown in Figures 6 and 7, while those enzymatic activities 310 
showing non-significant differences are represented in Fig. S3.  Related to root nitrogen 311 
assimilation, GOGAT was up-regulated in the fibR at the time that AAT and AlaAT were down-312 
regulated (Fig. 6A-C). Conversely, these primary nitrogen assimilation enzymes remained 313 
unaffected in the tapR. P5CS and ProDH catalyze the synthesis and degradation of proline, 314 
respectively. Water deficit stress did not affect P5CS in the tapR but led to a 2.4-fold increase 315 
in the case of the fibR (Fig. 6D). ANOVA  analysis reported a significant interaction among 316 
water deficit treatment and organ for all the above mentioned nitrogen metabolism enzymes 317 
(Table S2).   However, ProDH activity was induced by water deficit in both root types, 318 
exhibiting a higher activity in the tapR than in the fibR (Fig. 6E). SKDH, involved in the 319 
biosynthesis of aromatic amino acids, decreased in both root types in response to water deficit 320 
stress (Fig. 6F). ANOVA analysis showed a significant effect in ProDH and SKDH enzymes 321 
for water deficit treatment and organ although a significant interaction between both factors 322 
was not observed since a similar increasing trend was observed in both root types (Table S2).  323 
Among the enzymes related to the carbon catabolism, both UDP- and ADP- SuSy 324 
decreased in response to water deficit (Fig. 7 A, B). In both root types, UDP-SuSy activity was 325 
as much as 40 times higher than that of the ADP-SuSy.  UDP-SuSy activity decreased 326 
significantly in both root tissues even at moderate water deficit, and although a similar trend 327 
was observed, the response of ADP-SuSy was less pronounced than that of UDP-SuSy (Fig. 328 
7A, B). Thereby, ANOVA analysis showed a significant interaction for ADP-Susy but this was 329 
not significant for UDP-Susy (Table S2). Acid- and alkINV are also involved in the sucrose 330 
degradation route in the cell wall and cytosol, respectively, producing glucose and fructose in 331 
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an irreversible manner. AcidINV showed similar activities in both root types and declined 332 
significantly only under SD in the fibR (Fig. 7C). However, AlkINV was up to 4-fold more 333 
active than the AcidINV and it was significantly induced in the fibR even under moderate water 334 
deficit (Fig. 7D).  ANOVA analysis showed a significant interaction for AlkINV but this was 335 
not significant for AcidINV (Table S2). GPDH, a major link between the carbon and lipid 336 
metabolism, and G6PDH, a key enzyme of the pentose phosphate pathway, were both unaltered 337 
in the tapR when roots were subjected to water deficit stress (Fig. 7 E, F). However, they both 338 
exhibited a clear response in the fibR: GPDH activity increased 3 and 5.5-fold under MD and 339 
SD, respectively (Fig. 7E), while G6PDH showed a loss of activity concomitant with the water 340 
deficit stress level increment (Fig. 7F). ANOVA analysis showed a significant interaction 341 
among water deficit treatment and organ for GPDH and G6PDH enzymes (Table S2). 342 
Figure 8 represents the ratio tapR:fibR expressed in logarithmic basis for different 343 
enzyme activities, metabolites and physiological measurements under control conditions.  344 
Several enzymatic activities showed significant differences between both root types such as 345 
ADH and UGPase, which were 2-fold more active in the tapR than in the fibR (Fig. 8A). ProDH 346 
was also more active in the tapR than the fibR, even though a similar proline content was 347 
observed in both root types  (Fig. S2).  Conversely, GDH, AGPase, and AlkINV were around 348 
7, 4 and 2.5-fold, more represented in the fibR than tapR, respectively (Fig. 8A). The tapR was 349 
enriched in sucrose and amino acids whilst glucose and fructose were more abundant in the 350 
fibR in agreement with a higher respiratory activity in this root type (Fig. 8B, C). 351 
 352 
4. Discussion 353 
4.1. Is the primary metabolism homogeneous in the whole root system? 354 
16 
 
In barrel medic, the primary root or tapR is restricted to the top of the root system, while the 355 
lateral or fibR emerging from it account (volume and weight-wise) for most of the root system 356 
(Fig. 1). This study addresses the differences between the tapR and fibR of M. truncatula to 357 
better describe their role at the whole plant level by examining the distribution of the different 358 
enzyme activities, metabolites and physiological measurements (Fig. 1-7) under control 359 
conditions.  Figure 8 summarizes all the measured parameters in this study as the tapR:fibR 360 
ratio on a logarithmic basis, allowing to show how the different parameters are represented in 361 
the different root types.  362 
Attending to metabolic features, the tapR exhibited a remarkably high ADH activity 363 
which may be related to its thicker anatomy (Fig. 8C).  ADH is related to the fermentative 364 
respiratory metabolism and maintenance of a constant NAD supply (Päpke et al., 2013) and 365 
increases under hypoxic conditions (Fox et al., 1994). Therefore, this double activity of ADH 366 
exhibited by the tapR suggests a role in carbon metabolism for this root type. Similarly, the high 367 
content of sucrose, the enhancement of UDP-SuSy and UGPase activities (Fig. 8A) and the 368 
limited accumulation of reserve compounds such as starch or proteins in the tapR in comparison 369 
to the fibR (Fig. 8B) reinforce its role on carbon partitioning rather than just on reserve storage. 370 
In addition, a role on starch storage is also dismissed attending to the activity of the enzyme 371 
AGPase, involved in the synthesis of ADP-glucose for the starch synthesis (Geigenberger, 372 
2011), which is 5-times less active in the tapR than in the fibR. Similarly, ADP-SuSy which has 373 
also been related to ADP-glucose synthesis in the cytosol (Baroja-Fernández et al., 2003) is also 374 
less active in the tapR (Fig. 8A). The distribution of sucrose degrading enzymes between both 375 
root types is also remarkable; AlkINV is more abundant in the fibR than in tapR whereas UPD-376 
SuSy behaves the opposite (Fig. 8A). Indeed, sucrose degraded via invertase requires two 377 
molecules of ATP to be converted into hexose-phosphates, while the SuSy pathway linked to 378 
UGPase requires only one molecule of PPi (Stitt, 1998),  and therefore this different strategy 379 
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for sucrose metabolization in each root type could be related  to the higher respiration rate 380 
exhibited by fibR compared to the tapR (Fig. 2). Even though the role of these sucrose 381 
degrading enzymes in plant metabolism is still a matter of debate  (Vargas and Salerno, 2010), 382 
while SuSy has been traditionally assigned to the role of sucrose cleavage this role has also 383 
been assigned to INV in Arabidopsis roots (Lou et al., 2007). The high level of glucose and 384 
fructose in the fibR (Fig. 8) suggests a high rate of sucrose metabolization in the fibR, which is 385 
also in agreement with a higher activity of the pentose phosphate pathway as suggests the 386 
enhancement of G6PDH (Fig. 7 and 8). Regarding nitrogen metabolism, an important 387 
percentage of the soluble protein pool (around 40%) has been related to N storage in alfalfa 388 
taproots (Staswick, 1994). Conversely, in M. truncatula, the soluble protein content pool of 389 
tapR was similar to that of fibR, dismissing any N storage role based on proteins in this root 390 
type (Fig. 8B). However, an overall enrichment in free amino acids was observed in the tapR 391 
(Fig. 8B). This is the case for proline, postulated to function as nitrogen reservoir under stress 392 
(Albert et al., 2012). Accordingly, ProDH, a cytosolic enzyme activated by proline, exhibited a 393 
high activity in the tapR (Fig. 8A) suggesting that Pro catabolism may have a role on nitrogen 394 
partitioning. On the other hand, Asn, the most abundant amino acid and associated to N 395 
transport in the plant, exhibited a similar concentration in both root tissues (≈50 umols g DW-1; 396 
Fig. S2). Nevertheless, when expressed in relative values, Asn accounted for the 74% of the 397 
bulk amino acid content of the fibR, which could be linked to the nutrient assimilation role of 398 
this root type (Fig. 4). This is supported by the high IDH and GDH activities detected in the 399 
fibR (Fig. 8A), enzymes mainly related to the supply of 2-oxoglutarate for ammonium 400 
assimilation (Fontaine et al., 2012; Hodges et al., 2003). ANOVA  analysis exhibited a 401 
significant effect of the organ for many of the analysed parameters supporting important 402 
metabolic differences between both root types (Table S2). In summary, specific features are 403 
present in each root type that suggest that they exert a different role in the physiology of the 404 
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whole plant root system. However, a storage role can be dismissed for the tapR, which seems 405 
to have a particular metabolic endowment to deal with carbon and nitrogen partitioning.    406 
4.2. Common responses to water deficit stress in the whole root system  407 
Despite drought is one of the most important factors that inhibit photosynthesis, this decline 408 
occurs late during the onset of water stress whilst other processes such as cell growth and 409 
biosynthetic processes are rapidly affected at very moderate water potentials (Hsiao, 1973). 410 
Gargallo-Garriga et al. (2014) showed that shoot and root exhibit an opposite metabolic 411 
response to water deficit, playing the root a more active role in facing the effects of water deficit 412 
stress. Through CO2 assimilation, shoot provided carbohydrates (mainly in the form of sucrose) 413 
to roots where they are mainly delivered to sustain root growth and respiration (Lambers et al., 414 
1996). Most of the studies on the response of the respiratory process to water deficit focused 415 
on shoot (Flexas et al., 2006) being scarce the results available at root level. Respiration is the 416 
main source of ATP needed for uptake, transport and assimilation of nutrients and provides root 417 
cells with carbon skeletons for biosynthesis of cellular components. The present study shows 418 
that a general and early decline of SuSy activity occurs in root tissue, supporting a role on 419 
carbon supply for respiratory activity at this point (Fig. 7A). The sucrose derivative sugars, 420 
glucose and fructose, accumulated in both root types although the differences were only 421 
significant in the fibR (Fig. 5C, D), which could indicate that root respiration is not carbon 422 
limited but down-regulated by other factors. Attending to primary metabolism, both SuSy and 423 
INV can catalyse the cleavage reaction of sucrose. In Arabidopsis roots, cytosolic INV has been 424 
shown to be essential for normal plant development, being able of compensating the loss of 425 
SuSy activity but not vice-versa (Barratt et al., 2009). However, this compensation mechanism 426 
did not work in other sinks as maize seeds (Cheng and Chourey, 1999). In the present study, the 427 
compensatory role of AlkINV worked exclusively in the fibR (Fig. 7) which may suggest a 428 
tissue-specific mechanism. Conversely, INV activity decreases in cereals when exposed to 429 
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water deficit (Barnabás et al., 2008). In the last decade, new roles are being explored in relation 430 
with cell INV besides sucrose metabolization in primary metabolism (Ruan et al., 2010). 431 
Regarding amino acids, the observed overall accumulation (Fig. 3B) is a common response 432 
towards water deficit stress amongst various plant species and organs (Gil-Quintana et al., 2013; 433 
Rouached et al., 2013). It is well known that protein biosynthesis is early hampered under 434 
drought stress in harmony with plant cell growth (Hsiao, 1973). Overall the accumulation of 435 
amino acids has been related to a reduced incorporation into new proteins rather than de novo 436 
synthesis or increased proteolysis (Gil-Quintana et al., 2013). Our study showed how Pro and 437 
His were the two amino acids that were accumulated in a larger extent in both root types; even 438 
at moderate water deficit stress (Fig. 4, S2). Proline has been described to act as a compatible 439 
compound for osmotic adjustment. More specifically, this amino acid has been described to 440 
retain water and protect and stabilize macromolecules and structures from stress-induced 441 
damage (Rouached et al., 2013). In plants, proline is synthesized mainly from glutamate, by the 442 
P5CS enzyme whilst catabolism occurs via the sequential action of ProDH producing P5C from 443 
proline, and P5C dehydrogenase which converts P5C to glutamate (reviewed in Szabados and 444 
Savouré, 2010). Although P5CS activity was only induced in the fibR (Fig 6D), ProDH was 445 
up-regulated in both tissues in response to water deficit stress (Fig. 6E). ProDH has been 446 
described to be downregulated in other plants systems exposed to different water deficit stress 447 
(Miller et al., 2005; Phutela et al., 2000; Rouached et al., 2013). Nevertheless, Verdoy et al 448 
(2006) also observed a ProDH up-regulation in roots and nodules of salt-stressed M. truncatula 449 
plants, suggesting that the induction exerted by the high proline concentration surpassed the 450 
downregulation effect of dehydration under moderate stress conditions. The proline catabolism 451 
can be used to generate energy and reducing equivalents for the TCA cycle (Kishor et al., 2005) 452 
when the respiratory flux is blocked. On the other hand, the increase in the aromatic amino acid 453 
pool in response to water deficit stress (Fig 4B, S2) despite this decrease in the shikimate 454 
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dehydrogenase activity (Fig. 6) may suggest an amino acid import from other organs of the 455 
plant. In this context, Aranjuelo et al. (2011) showed a shoot to root transport of amino acids in 456 
alfalfa plants exposed to water deficit stress. 457 
Summarizing, both root types exhibited a similar strategy to face water deficit; respiration 458 
decreased despite the over-accumulation of sucrose, whose cleavage was markedly 459 
downregulated at SuSy level. Additionally, proline catabolism seems to be enhanced, which 460 
could contribute to counterbalance the deficiencies in carbon metabolism throughout the 461 
respiratory pathway. 462 
4.3. The taproot is more resilient to water deficit than the fibrous root: SuSy and ProDH are 463 
first activated upon water deficit stress 464 
Despite the physiological and metabolic similarities under control conditions and the common 465 
responses to water deficit observed in tapR and fibR discussed in sections 4.1 and 4.2, several 466 
specific features in both root types are noticeablebeing supported by the numerous significant 467 
interactions reported  by the ANOVA analysis (Table S2).  The tapR was able to keep a higher 468 
water content (> 65%) than the fibR, responding similarly to the aerial part (Fig. 1). 469 
Accordingly, all measured parameters showed a better resilience towards water deficit stress in 470 
the tapR. Total respiration rate decreased less markedly in the tapR than in the fibR, and the 471 
alternative/cytochromic capacity ratio was not affected in the tapR under MD whilst it increased 472 
almost 3-fold in the fibR at this water stress level (Fig. 2 C, D). Starch degradation was 473 
unaffected in the tapR under MD whilst a 50% reduction was observed in the fibR (Fig. 5B). 474 
In addition, most of the analysed enzymes were fully unaffected in the tapR, while responding 475 
actively in the fibR (Fig. 6, 7).  476 
However, despite the higher resilience exhibited by the tapR, some responses were readily 477 
activated in this tissue, which may be interpreted as a primary response to water deficit at the 478 
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root level. The more marked effects observed in the tapR under MD affect UDP-Susy and 479 
ProDH activities (Fig. 6, 7). UDP-SuSy was rapidly inhibited (Fig. 7A) in accordance with a 480 
marked accumulation of sucrose (Fig. 5). This enzyme leads to the production of sugar 481 
nucleotides, which can act as glucose donor in the synthesis of cellulose and callose (Winter 482 
and Huber, 2000), although it is also a key enzyme in the metabolization of sucrose in sink 483 
tissues (Zrenner et al., 1995). In nodules of grain legumes, the decline of SuSy at early stages 484 
of water deficit has been suggested to be associated with the supply of malate to sustain nodule 485 
respiration of infected cells (Gálvez et al., 2005; Gonzalez et al., 1998).  486 
Similarly, ProDH activity exhibited also an early increase in tapR (Fig. 6) in accordance with 487 
the rapid accumulation of proline in this root part (Fig. S2). ProDH transcript level response to 488 
salt and water deficit is quite controversial and the up-regulation (Verdoy et al., 2006) and 489 
down-regulation (Miller et al., 2005)  have been documented in Medicago species. Recently, a 490 
role in oxidizing excess proline and transferring electrons to the respiratory chain has been 491 
indicated for ProDH in Arabidopsis (Cabassa-Hourton et al., 2016), which may act as an 492 
alternative source of energy when carbon metabolism is being impaired (Fig. 2, 7). The slight 493 
decrease of soluble protein in the tapR dismisses proteolysis to be the process responsible for 494 
the sharp accumulation of amino acids in this part of the root, especially under MD (Fig. 3). 495 
The BCAAs, Leu, Ile, and Val, had a higher absolute and relative presence under control 496 
conditions and increased linearly upon water deficit stress in the tapR (Fig. 4B, S2). 497 
Accordingly, Virlouvet et al. (2011) observed that BCAA biosynthesis was enhanced under 498 
water-limited conditions and contributed to maintaining kernel yield in maize. Pires et al. (2016) 499 
have recently shown in Arabidopsis plants that BCAA can be used as alternative electron donors 500 
to the mitochondrial electron transport chain, reinforcing their role on water deficit tolerance 501 
mechanism most likely delaying the onset of the stress. Therefore, in agreement with the higher 502 
content of BCAA observed in the tapR when exposed to water deficit, respiration of this root 503 
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type exhibits a higher resilience to MD, not only at the total respiration rate but also attending 504 
to the AP/CP ratio (Fig. 2). In summary, the primary responses to water deficit observed at the 505 
tapR level under moderate water deficit point to a blockage of sucrose metabolization at UDP-506 
SuSy level together with a selective accumulation of some amino acids such as Pro and BCCA, 507 
which may act as alternative carbon sources under water deficit stress conditions.  508 
 509 
5. Conclusions 510 
In conclusion, specific metabolic features are present in each root type that suggest that they 511 
exert a different role in the physiology of the whole plant root system. A storage role can be 512 
dismissed for the taproot, which seems to have a particular metabolic endowment to deal with 513 
carbon and nitrogen partitioning.  Overall, both root types exhibited a similar strategy to face 514 
water deficit although the taproot exhibited a higher resilience. An early blockage of sucrose 515 
metabolism occurs at the level of sucrose synthase activity leading to a marked accumulation 516 
of sucrose in the root. The enhancement of proline catabolism in the root may contribute to 517 
counterbalance the deficiencies in carbon metabolism throughout the respiratory pathway. In 518 
addition, the differential resilience of taproot and fibrous root towards water deficit stress make 519 
it an interesting target of breeding programs improving plant tolerance towards stress focusing 520 
on the different functionally of the root system.  521 
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 531 
Legend to figures 532 
Figure 1. Water deficit stress applied to M. truncatula plants. Above: Visual appearance of 533 
shoots and roots of 6-week old plants subjected to control (C) (Ψleaf = -0.37 ± 0.00 MPa), 534 
moderate stress (MD) (Ψleaf = -1.51 ± 0.02 MPa) and severe stress (SD) (Ψleaf = -2.51 ± 0.03 535 
MPa) conditions. Below left: water content (%) of the leaf, taproot and fibrous roots under C 536 
(black), MD (white) and SD (grey) conditions. Bars represent the mean ± SE (n = 10).  Different 537 
letters indicate significant differences according to Duncan-test (P≤0.05). Below right: Detail 538 
of taproot and fibrous root. 539 
Figure 2. Total (A) and residual root respiration (B) of the taproot and fibrous root of M. 540 
truncatula plants under C (black), MD (white) and SD (gray) conditions. In B, the values above 541 
the bars represent the contribution of residual respiration (as %) to the total measured 542 
respiration. Graphs C and D represent the changes in cytochrome (striped bars) and alternative 543 
(dotted bars) respiration capacities of the taproot and fibrous roots, respectively. The values 544 
above the bars represent the AP:CP ratios under the different water deficit regimes. Bars 545 
represent the mean ± SE (n = 10).  Different letters indicate significant differences according to 546 
Duncan-test (P≤0.05).  547 
Figure 3. Protein (A) and amino acid (B) content of the taproot and fibrous root of M. truncatula 548 
under control (black), MD (white) and SD (gray) conditions. Bars represent the mean ± SE (n 549 
= 10). Different letters indicate significant differences according to Duncan-test (P≤0.05).  550 
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Figure 4. Amino acid composition of M. truncatula taproot (TapR) and fibrous (FibR) root 551 
under control conditions (A) and the relative fold change in response to moderate (MD) and 552 
severe (SD) water deficit conditions (B). In figure A, those amino acids representing less than 553 
3% of the total amino acid pool are pooled together in the pie chart tagged as “others”.  Asterisks 554 
indicate significant differences between C and D treatments (Student’s t-test, P ≤ 0.05). 555 
Figure 5. Changes in sucrose (A), starch (B, measured as glucose released after starch 556 
enzymatic breakdown), fructose (C) and glucose (D) contents (µmol g DW-1) of M. truncatula 557 
taproots and fibrous root under control (black), MD (white) and SD (gray) conditions. Bars 558 
represent the mean ± SE (n = 6). Different letters indicate significant differences according to 559 
Duncan-test (P≤0.05).  560 
Figure 6. Enzymatic activities (nmol NADH min-1 µg prot-1) related to the nitrogen metabolism 561 
measured in the taproot and fibrous roots of M. truncatula under control (black), MD (white) 562 
and SD (gray) conditions. Bars represent the mean ± SE (n = 5).  Different letters indicate 563 
significant differences according to Duncan-test (P≤0.05).  GOGAT, glutamine oxoglutarate 564 
aminotransferase/glutamate synthase; AAT, aspartate aminotransferase; AlaAT, alanine 565 
aminotransferase; P5CS, pyrroline-5-carboxylate synthase; ProDH, proline dehydrogenase; 566 
SKDH, shikimate dehydrogenase 567 
Figure 7. Enzymatic activities (measured as nmol NADH min-1 µg prot-1) related to the carbon 568 
metabolism measured in the taproot and fibrous roots of M. truncatula under control (black), 569 
MD (white) and SD (grey) conditions. Bars represent the mean ± SE (n = 5).  Different letters 570 
indicate significant differences according to Duncan-test (P≤0.05). UDP-SuSy, UDP-glucose 571 
synthase; ADP-SuSy, ADP-glucose synthase; AcidINV, acid invertase; AlkINV, alkaline 572 




Figure 8. Distribution of enzymatic activities (A), metabolite contents (B) and respiration rates 575 
(C) between both root types. Bars represent the log2 of the ratio taproot: fibrous root for each 576 
parameter under control conditions. Those parameters more abundant in the TapR (TapR:FibR 577 
ratio higher than 1.5) are marked in black and those more abundant in the FibR (TapR:FibR ratio 578 
lower than -1.5) are marked in white. The grey color is used for those parameters exhibiting 579 
similar values in both root types. Asterisks indicate significant differences for a given parameter 580 
between the values of the taproot and the fibrous root (Student’s t-test, P ≤ 0.05). AcidINV, acid 581 
invertase; ADH, alcohol dehydrogenase; AGPase, ADP-glucose pyrophosphorylase; AlaAT, 582 
alanine aminotransferase; AlkINV, alkaline invertase; AlternatP, alternative pathway capacity; 583 
AAT, aspartate aminotransferase; CytocP, cytochrome pathway capacity; FBPase, fructose 1,6-584 
bisphosphatase; G6PDH, glucose-6-phosphate dehydrogenase; GDH, glutamate 585 
dehydrogenase; GOGAT, glutamine oxoglutarate aminotransferase/glutamate synthase; 586 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPDH, glycerol-3-phosphate 587 
dehydrogenase; HK, hexokinase; IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; 588 
ME, malic enzyme; ProDH, proline dehydrogenase; P5CS, pyrroline-5-carboxylate synthase; 589 
PDC, pyruvate decarboxylase; PK, pyruvate kinase; ResidualR, residual respiration; SKDH, 590 
shikimate dehydrogenase;  SuSy, sucrose synthase; TotalR, total root respiration; UGPase, 591 
UDP-glucose pyrophosphorylase.  592 
 593 
Supplementary information.  594 
Table S1. Respiration rates (mmol O2 s-1 g DW-1) of the taproot and fibrous root total 595 
respiration, residual respiration, alternative pathway and cytochrome pathway capacities under 596 
C, MD and SD. Each value represents the mean ± SE (n = 10). Different letters indicate 597 
significant differences according to Duncan-test (P≤0.05). 598 
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Table S2.  Results of analyses of variance (ANOVA, P ≤0.05). Results of the two-way analyses 599 
of variance (ANOVA) of the water content and the different respiration parameters (A), carbon 600 
compounds (B), carbon metabolism-related enzymatic activitie (C), nitrogen compounds 601 
(including the relative amino acid amount) (D) and nitrogen metabolism-related enzymatic 602 
activities (E). Asterisk indicate significant differences: * indicates P-value under 0.05, ** 603 
indicates P-value under 0.01 and *** indicates P-value under 0.001. Factor 1 is water deficit 604 
(WD) treatment (control, moderate and severe) and factor 2 is organ (tapR and fibR) and 605 
WD*Organ indicate the interaction between both factors. 606 
Figure S1: A: Plant biomass parameters (shoot DW, root DW and shoot to root ratio) of M. 607 
truncatula plants under C (black), MD (white) and SD (gray) conditions. Different letters 608 
indicate significant differences according to Duncan-test (P≤0.05). B: Leaf  Ψw and C: 609 
Transpiration rate of control (square) and water deficit-stressed plants (triangle) along the 610 
experiment. Asterisks indicate significant differences between C and D treatments (Student’s t-611 
test, P ≤ 0.05). Each value represents the mean ± SE (n = 4-10).  612 
Figure S2. Absolute amino acid content (µmol g DW-1) in the taproot (dotted line) and fibrous 613 
roots (continuous line) of M. truncatula under C, MD and SD conditions. Values are the mean 614 
± SE (n = 5). Different letters indicate significant differences according to Duncan-test 615 
(P≤0.05).  616 
Figure S3. Enzymatic activities (nmol NADH min-1 µg prot-1) in the taproot (dotted line) and 617 
fibrous root (continuous line) of M. truncatula under C, MD and SD conditions. Bars represent 618 
the mean ± SE (n = 5).  Different letters indicate significant differences according to Duncan-619 
test (P≤0.05). UGPase, UDP-glucose pyrophosphorylase; AGPase, ADP-glucose 620 
pyrophosphorylase; ME, Malic enzyme; MDH, malate dehydrogenase; FBPase, fructose 1,6-621 
bisphosphatase; HK, hexokinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GDH, 622 
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glutamate dehydrogenase; IDH, isocitrate dehydrogenase; PK, pyruvate kinase; ADH, alcohol 623 
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C 0.63 ± 0.01 b 0.17 ± 0.01 b 0.16 ± 0.02 b 0.35 ± 0.02 b
MD 0.50 ± 0.03 c 0.21 ± 0.01 a 0.11 ± 0.02 bc 0.20 ± 0.03 c
SD 0.31 ± 0.02 d 0.15 ± 0.01 b 0.08 ± 0.01 c 0.08 ± 0.02 d
C 0.89 ± 0.07 a 0.20 ± 0.01 a 0.36 ± 0.04 a 0.60 ± 0.06 a
MD 0.32 ± 0.01 d 0.09 ± 0.01 c 0.13 ± 0.01 bc 0.08 ± 0.01 d
SD 0.22 ± 0.03 d 0.09 ± 0.01 c 0.07 ± 0.02 c 0.04 ± 0.01 d





N compounds WD Organ WD * Organ
Soluble protein *** *** ns
Total amino acid *** * *
Ala *** *** ***
Val *** *** ***
Leu *** *** ***
Ile *** *** ***
Pro *** *** *
Phe ** *** ns
Trp *** *** ns
Met ** ns ns
Gly ns ** ***
Ser *** *** ***
Thr *** *** ***
Tyr ns ns ns
Asn *** *** **
Gln ** *** ***
GABA *** *** ***
Glu *** *** **
Asp * *** **
Lys *** * ***
Arg *** ** ns
His ns *** ns
N metabolism WD Organ WD * Organ
GOGAT ns *** **
AAT ** ns *
AlaAT ** ns **
P5CS *** *** **
ProDH *** ** ns
SKDH *** ** ns
C compounds WD Organ WD * Organ
Starch ** *** ns
Sucrose *** *** ns
Glucose *** *** **
Fructose *** *** **
C metabolism WD Organ WD * Organ
UDP-SuSy *** ** ns
ADP-SuSy *** * **
AcidINV ** ns ns
AlkINV *** *** ***
GPDH *** *** ***






WC & Respiration WD Organ WD * Organ
Water content *** *** ***
Shoot DW ns ns ns
Root DW ns ns ns
Shoot to Root ratio ns ns ns
Total respiration *** ns ***
Residual respiration *** *** ***
Residual respiration (%) *** ** ns
Cytochromic capacity *** ns ***
Alternative capacity *** *** ***
Cyt + Aox capacities *** * ***
Aox : Cyt capacity ratio ** * ns
